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We report a previously unidentified role of tight junction
protein claudin 7 in intestinal epithelial stem cell function
and regulation by using 2 independent claudin 7 knockout
mouse models. Our data show that claudin 7 controls
intestinal crypt stem cell survival, self-renewal, and epithe-
lial differentiation through Wnt/b-catenin signaling.
BACKGROUND & AIMS: Claudin-7 (Cldn7) is a tight junction
(TJ) membrane protein located at the apical TJ and basolateral
side of intestinal epithelial cells. Deletion of Cldn7 by gene
targeting leads to the inflammatory bowel disease–like
phenotype in mice, which includes weight loss, diarrhea, mu-
cosa ulceration, and severe intestinal epithelial damage. In this
study, we test our hypothesis that Cldn7 plays a critical role in
regulating intestinal crypt stem cell functions.
METHODS: Gene expression microarray, quantitative reverse-
transcription polymerase chain reaction, in situ hybridization,
histologic examinations, immunoblotting, 3-dimensional orga-
noid culture, and various treatments to rescue Cldn7-deficient
organoid defects were conducted using global Cldn7 knockout
mice and inducible, conditional Cldn7 knockout mice.RESULTS: Gene deletion of Cldn7 in intestines showed signifi-
cant alteration of expression profiles with striking down-
regulation of intestinal crypt stem cell markers such as
Olfm4, dislocated proliferative cells, and disrupted epithelial
cell differentiation. In addition, the isolated Cldn7-deficient
crypts where the stem cells reside were either unable to sur-
vive at all or formed defective spheroids, highlighting the
functional impairment of crypt stem cells in the absence of
Cldn7. Remarkably, the Cldn7-expressing organoids with bud-
dings underwent rapid cell degeneration within days after
turning off Cldn7 expression in the culture. We identified that
activation of Wnt/b-catenin signaling rescued the organoid
defects caused by Cldn7 deletion.
CONCLUSIONS: In this study, we show that Cldn7 is indis-
pensable in controlling Wnt/b-catenin signaling–dependent
intestinal epithelial stem cell survival, self-renewal, and cell
differentiation. This study could open a door to study roles of TJ
proteins in stem cell regulations in other tissues and organs.
(Cell Mol Gastroenterol Hepatol 2020;9:641–659; https://
doi.org/10.1016/j.jcmgh.2019.12.005)Keywords: Crypt Stem Cells; Organoid Culture; Wnt/b-Catenin
Signaling.
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https://doi.org/10.1016/j.jcmgh.2019.12.005Tby its self-renewal ability. The matured epithelial cells
at the tip of villi are constantly replaced by newly differ-
entiated cells derived from multipotent intestinal epithelial
stem cells (IESCs) located in the crypt regions. IESCs
give rise to proliferating progenitor cells, which subse-
quently differentiate into the nutrient-absorbing enterocytes,
mucus-secreting goblet cells, neuropeptide-secreting enter-
oendocrine (EE) cells, antimicrobial peptide-secreting Paneth
cells, and immune-sensing tuft cells.1 IESCs are destined to
become active crypt stem cells or quiescent stem cells located
adjacent to the Paneth cells.1,2 Lgr5,3 along with co-expressed
genes such as Olfm4,4 Ascl2,5 and Sox9 low,6 are defined as
the markers for active crypt stem cells that rapidly generate
all epithelial cell types of the small intestine (SI). Quiescent
stem cells that play an essential role in repairing epithelial
cells after injury are marked by Bmi1,7 Hopx,8 and Lrig1.9
The IESC self-renewal process is critical for intestinal
injury repair and regeneration. However, the factors and
underlying molecular mechanisms regulating this process are
still not well understood. Studies have shown that the Wnt/b-
catenin signaling pathway is a key regulator of stem cell fate.
In the gastrointestinal tract, Wnt signaling activation drives
homeostasis and damage-induced repair. When the Wnt
ligand is present, it binds to its receptor and inhibits the
activity of GSK3b. The key pathway component b-catenin
then is free and forms a complex with transcriptional factor T
cell factor/lymphoid enhancer factor and induces target gene
transcription. When Wingless/integrated (Wnt) ligand is ab-
sent, glycogen synthase kinase 3 beta (GSK3b) phosphory-
lates b-catenin at serines 33 and 34, and threonine 41,
triggering the destabilization and degradation of b-catenin in
the cytosol, leading to the suppression of Wnt signaling.10,11
Tight junctions (TJs) form a paracellular barrier restricting
the free diffusion of ions and small molecules between cells.
Claudins are a family of TJ integral membrane proteins.
Deletion of TJ membrane protein claudin-7 (Cldn7) in mice
leads to mucosa ulceration and severe intestinal epithelial
damage.12,13 Cldn18 deletion promotes the proliferation of
pulmonary epithelial progenitors and develops intraepithelial
neoplasia in the stomach.14,15 Interestingly, when intestinal
epithelial differentiation is induced in intestinal organoids,
claudins are found to distribute heterogeneously among the
various cell types including intestinal stem cells, Paneth cells,
and enterocytes.16 These studies suggest that, in addition to
their traditional roles in regulating epithelial barrier function
and polarity, claudins alsomay regulate cell functions, such as
proliferation, that could contribute to intestinal epithelial self-
renewal. However, it is unknown whether claudins are
involved in stem cell functions and regulations.
In this study, we show that Cldn7 is essential in main-
taining IESC functions and intestinal epithelial self-renewal.
We showed that deletion of Cldn7 reduces the number of
IESCs and disrupts epithelial differentiation and prolifera-
tion in both global Cldn7 knockout mice (gKO) and induc-
ible, conditional Cldn7 knockout mice (cCldn7fl/fl-T) model
systems. By using a genome-wide gene expression approach
and subsequent verifications by cell and molecular analyses,as well as a 3-dimensional intestinal organoid culture sys-
tem, we discovered that Cldn7 deletion-mediated intestinal
defects are caused by the disruption of IESC functions
through the Wnt/b-catenin–dependent signaling pathway.
This study thus establishes an unexpected and novel role for
TJ proteins in regulating IESC functions and epithelial self-
renewal and differentiation.Results
Cldn7 Is Essential for Epithelial Cell
Differentiation
We previously reported that the intestines of gKO mice
showed disrupted mucosal architecture, epithelial cell
sloughing, and inflammation.12 To determine whether the
deletion of Cldn7 affected epithelial differentiation, we used
specific cellularmarkers on the SI of postnatal day (PN)3wild-
type (WT) and gKO mice. We found that the total number of
enterocytes (Fatty Acid-Binding Protein 1 [FABP-1]) (Table 1)
and the percentage of FABP-1–positive cells per villus were
decreased significantly in both the jejunum and ileum of gKO
mice compared with those of WT SI (Figure 1A and B). On the
other hand, the total number of goblet cells (Alcian blue
staining)wasdecreased significantly, although the percentage
of goblet cells per crypt–villus axis showed no significant
changes between WT and gKO SI (Figure 1C and D). This in-
dicates that the reduced number of goblet cells is the result of
the loss of villi. For EE cells (chromogranin A), both the total
number andpercentagewere decreased in the jejunumof gKO
compared with that of WT (Figure 1E and F). Paneth cells and
tuft cells are not detectable at this age because they are not
differentiated until 2 weeks after birth.17,18 These observa-
tionswere consistentwith the reducedprotein level of FABP-1
detected by immunoblotting (Figure 1G) and reduced FABP-1
and chromogranin A (CHGA) messenger RNA (mRNA) levels
detected by quantitative reverse-transcription polymerase
chain reaction (qRT-PCR) using WT and gKO SIs (Figure 1H).
The mRNA expression level of Muc2 showed no significant
difference between WT and gKO SIs. These data show that
deletion of Cldn7 impairs the enterocyte and EE cell differ-
entiation, but not goblet cells in gKO mice.
Table 1.List of Antibodies
Antibody Source (vendor/catalog number) Dilution Use
FABP-1 Cell Signaling (Danvers, MA)/13368 1:200 IF
FABP-1 Cell Signaling/13368 1:1000 WB
Cleaved caspase-3 Cell Signaling/9664 1:1000 WB
Cleaved PARP Cell Signaling/94885 1:1000 WB
Chromogranin A Santa Cruz Biotechnology (Dallas, TX)/sc-393941 1:100 IF
Claudin 1 Zymed (Waltham, MA)/71-7800 1:500 WB
Claudin 4 Invitrogen (Waltham, MA)/364800 1:1000 WB
Claudin 7 IBL (Gunma, Japan) Japan/18875 1:1000 WB
Claudin 7 IBL Japan/18875 1:200 IF
Claudin 15 IBL Japan/18805 1:500 WB
E-cadherin BD Transduction Labs (San Jose, CA)/610181 1:1000 WB
Dcamkl1 Abcam (Cambridge, MA)/ab37994 1:100 IF
GAPDH Cell Signaling/2118 1:1000 WB
Hopx Santa Cruz Biotechnology/sc-30216 1:500 WB
Lysozyme Abcam/ab36362 1:200 IF/IHC
Muc2 Santa Cruz Biotechnology/sc-7314 1:200 IHC
Nonphospho(active)b-catenin Cell Signaling/8814 1:1000 WB
Olfm4 Novus Biologicals (Centennial, CO)/NBP2-24535 1:800 WB
Olfm4 Cell Signaling/39141 1:200 IF
Occudin Zymed/71-1500 1:2000 WB
PCNA Cell Signaling/2586 1:200 IF
Phopho-GSK3b(S9) Cell Signaling/9336 1:1000 WB
Phospho–b-catenin (S33/37/T41) Cell Signaling/9561 1:1000 WB
Sox9 Millipore (Bedford, MA)/AB5535 1:100 IF
Tcf4 Santa Cruz Biotechnology/sc-166699 1:1000 WB
Total GSK3b BD Transduction Labs/610202 1:1000 WB
Total b-catenin Cell Signaling/8480 1:1000 WB
Wnt3a Santa Cruz Biotechnology/sc-74537 1:1000 WB
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IF, immunofluorescence; IHC, immunohistochemistry; Muc2, mucin 2;
S33/37/T41 serines 33 and 37, and threonine 41; WB, Western blot.
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Gene Expression Profiles in gKO
To unravel the molecular mechanism underlying the
Cldn7 deletion-mediated intestinal defects in a nonbiased
approach, we performed genome-wide microarray analysis
using RNA samples from PN3 WT and global claudin-7
knockout mice littermates. More than 6000 gene expres-
sion patterns were analyzed and grouped into up-
regulation and down-regulation clusters in relation to
those of WT SI. Among 29,990 annotated transcripts, 1238
transcripts (4.1%) were down-regulated and 276 tran-
scripts (0.09%) were up-regulated in gKO compared
with WT (P < .01) as shown in the heatmap (Figure 2A).
Using the ingenuity pathway analysis tool, our data
showed that the up-regulated genes were related to
leukopoiesis, epithelial growth, proliferation, and hyper-
plasia (Figure 2B). Importantly, those down-regulated
genes were related to epithelial differentiation and matu-
ration, stem cell differentiation, stem cell development, andcell commitment (Figure 2C). Gene set enrichment analysis
showed that 77 gene sets were enriched in global claudin-7
knockout mice SI (P< .01 and false-positive values;
false-discovery rate,<25%). These enriched gene sets
include signaling pathways of WNT, signal transducer and
activator of transcription 3, AKT, extracellular matrix, in-
flammatory response, and epithelial–mesenchymal transi-
tion (Figure 2D). Moreover, genes related to inflammation,
epithelial proliferation, epithelial growth, and cell adhesion
all were up-regulated, whereas genes related to stem cells,
apoptosis, villus maturation, and epithelial differentiation
all were down-regulated (P < .01; q < 0.05) (Figure 2E).
These consistent data suggest that Cldn7 deletion-induced
gene expression changes were related especially to
epithelial cell proliferation and differentiation, as well as
IESCs. One of the most striking findings from the micro-
array data was that several IESC markers all were down-
regulated in gKO SI, especially Olfm4, which was the top
one reduced gene expression (Figure 2E). This is significant
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along the gastrointestinal tract, none of them have been
reported to be involved in IESC functions and regulation.Deletion of Cldn7 Results in the Loss of Active
Crypt Stem Cells and Hyperproliferation of
Epithelial Cells in gKO
We performed a series of experiments to verify the data
obtained from the microarray and to test whether Cldn7 has
any effect on IESCs and transit-amplifying cells. Because
intestinal crypt cells are grouped into active stem cells,
quiescent stem cells, and transit-amplifying cells, we first
examined the mRNA levels of representative cell marker
genes by qRT-PCR. Lgr5, Olfm4, and Sox9 mark active stem
cells. Hopx and Prom1 represent quiescent IESCs and
transit-amplifying cells, respectively.19,20 Surprisingly,
Cldn7 deletion resulted in significantly reduced mRNA
levels of Lgr5, Olfm4, and Sox9, but increased the mRNA
levels of Prom1 and Hopx (Figure 3A). To test whether the
mRNA level changes translated to changes in protein levels,
we probed Olfm4 and Hopx using Western blot. The protein
level of Olfm4 was decreased significantly, while the protein
level of Hopx was increased significantly, suggesting that the
quiescent stem cells and/or transit-amplifying cells were
expanding, while active stem cells were decreased when
Cldn7 was absent (Figure 3B).
To further investigate whether Cldn7 deletion reduced the
signal of Olfm4, a robust IESC marker, we detected its mRNA
using fluorescence in situ hybridization (FISH).4 Olfm4þ cells
were decreased significantly in gKO SI compared with those in
WT (Figure 3C, left panel). Olfm4 is a glycoprotein and is
associated closely with many inflammatory digestive dis-
eases.21 Significant inflammation was shown in the SI of PN3
gKO mice, whereas little inflammation was detected in
newborn mice.12 To test whether the decrease of Olfm4þ
IESCs was the result of intestinal inflammation, we examined
the Olfm4mRNA in PN0 mice. We found that the Olfm4þ IESCs
also were decreased significantly in PN0 gKO SI, suggesting
that the decrease of IESCs was not caused by inflammation,
but rather the loss of Cldn7 (Figure 3C, right panel). Figure 3D
shows the statistical data comparing Olfm4þ IESCs between
PN3 WT and gKO SI. Sox9 also was used to label active IESCs.6
We labeled Sox9 in PN3 WT and gKO SI and found that the
positive signal in the gKO crypt area was reduced, suggesting a
decrease in the active stem cell population (Figure 3E). Sox9
also labels some of the differentiated epithelial cells in the villi,
such as a subset of enteroendocrine cells.6Figure 1. (See previous page). Deletion of Cldn7 affected
enterocytes by FABP-1 immunofluorescent staining, (C) goblet
orescent staining of chromogranin A in PN3 WT and gKO SIs
periments. Scale bars: 100 mm. Quantification of the total numb
(D) goblet cells, and (F) EE cells. Each point represents the ca
unpaired t test; *P < .05, ***P < .001, ****P < .0001, P > .05. (G
WT and gKO SIs were determined by immunoblotting (left) and
.001. (H) The qRT-PCR analysis of FABP1, Muc2, and CHGA mR
.05, **P < .01, P > .05. Data are represented as means ± SEMPreviously, we showed that the bromodeoxyuridine
incorporation was increased significantly in gKO.12 In this
study, we found that the proliferating cell nuclear antigen
(PCNA)-positive proliferating cells in gKO SI not only were
increased significantly, but also, in some areas, were no
longer restricted in the crypt region as those in WT
(Figure 3F). These proliferating cells were not enterocytes,
as indicated by FABP-1 signal (Figure 3F, left panel). PCNA-
positive cells also were not co-localized with goblet cells or
EE cells (data not shown).
The earlier-described data show that Cldn7 deletion re-
sults in a hyperproliferative intestinal epithelium and a
decrease in IESCs that is not owing to inflammation.Cldn7 Deletion in Adult Mice Leads to the Loss of
Active Crypt Stem Cells and Alters the Number
and Position of Paneth Cells
To determine whether Cldn7 deletion in adult mice also
affects IESCs, the mRNA levels of robust IESC marker genes
Lgr5, Olfm4, and quiescent IESC marker gene Hopx were
detected by qRT-PCR in the tamoxifen-induced Cldn7
knockout mice (cKO); the inducible, intestinal-specific Cldn7
knockout (cCldn7fl/fl-T) mice were generated by crossing Cre
mice (Villin-CreERT2) with Cldn7-flox mice. Similar to gKO
mice, Cldn7 deletion significantly reduced the mRNA levels
of Lgr5 and Olfm4 but increased the mRNA level of Hopx
(Figure 4A). In addition, the number of Olfm4þ cells in cKO
SIs, determined by FISH, was significantly lower compared
with control mice (Figure 4B). Approximately 50% of the
crypts in cKO SIs contained no Olfm4þ cells, suggesting the
significant loss of IESCs.
To investigate whether Cldn7 deletion in adult mice af-
fects Paneth cells and cell proliferation, triple staining of
lysozyme, PCNA, and Hoechst was performed using control
and cKO SIs. Paneth cells were located at the base of crypts,
and proliferating cells were in the crypt region, as expected,
in the control mice. Surprisingly, both Paneth cells and
proliferating cells in cKO mice were no longer restricted to
the crypt region, they also appeared along the villi
(Figure 4C, cKO in the top panel). The number of prolifer-
ating cells in cKO SIs was increased significantly, as
observed in gKO SIs (Figure 4C, right panel). The Paneth
cells in cKO SIs showed remarkable aberrant localization
and were distributed randomly throughout the villi and
crypts as visualized by immunohistochemistry, while Paneth
cells in the control mice were located only at the base of
crypts (Figure 4D, left panel). Statistical analysis showedepithelial cell differentiation in gKO SIs. Detection of (A)
cells by Alcian blue staining, and (E) EE cells by immunoflu-
. Images are representative of more than 3 independent ex-
er and percentage per villus (or crypt–villus) of (B) enterocyte,
lculation from 50 crypt–villus in each mouse. n ¼ 5; 2-tailed,
) Protein expression levels of FABP-1 in 2 representative PN3
then quantified (right). n ¼ 4; 2-tailed, unpaired t test, ***P <
NA in PN3 WT and gKO SIs. n ¼ 5; 2-tailed, paired t test; P <
. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
Figure 2. Genome-wide microarray analysis for WT and gKO SI. (A) The heatmap shows the gene expression profile of 2
independent sets of PN3 WT and gKO SIs by microarray analysis. Data are color-coded to reflect the gene expression level.
Genes that have false-positive values of q < 0.05 are shown. (B and C) Ingenuity analysis of gene expression related to
differential gastrointestinal functions between WT and gKO SIs. Genes with P < .001 and q < 0.05 were analyzed. (D) Gene Set
Enrichment Analysis of enriched pathways activated by Cldn7 deletion. P< .01, false-discovery rate (FDR) q < 25%. (E) Key
up-regulated and down-regulated genes related to essential intestinal epithelial functions are shown. AKT, a serine/threonine-
specific protein kinase; NES, nestin; STAT3, signal transducer and activator of transcription 3.
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(Figure 4D, right panel).
We observed that many aberrantly positioned Paneth
cells were cup-shaped and resembled goblet cells
(Figure 4D), therefore, we compared the locations of
lysozyme-positive (lysozymeþ) Paneth cells and mucin
2–positive goblet cells in the neighboring intestinal slidesfrom the same intestinal specimens. We found that some
lysozymeþ cells also expressed mucin 2 (Figure 4E). This
result was confirmed by the fact that some of the Alcian
blue–positive cells also were labeled with lysozymes, sug-
gesting the existence of hybrid cells (Figure 4F) and indi-
cating that these Paneth and goblet cells were not fully
differentiated into their destinations.
Figure 3. Deletion of Cldn7 resulted in the loss of active crypt stem cells and an increase in epithelial cell proliferation in
gKO SIs. (A) The qRT-PCR analysis of IESC marker genes in PN3 WT and gKO SIs. Lgr5, Olfm4, and Sox9 are active intestinal
stem cell marker genes. Hopx is a quiescent stem cell marker gene and Prom1 is a transit-amplifying cell marker gene. n ¼
4–5; 2-tailed, paired t test; *P < .05, **P < .01, ***P < .001. (B) The protein levels of Olfm4 and Hopx were detected by
immunoblotting (left) and quantified (right). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as a loading control.
n ¼ 4; 2-tailed, unpaired t test; *P < .05, **P < .01. (C) The IESC maker Olfm4 gene was detected by FISH in PN3 (left) and PN0
(right) WT and gKO SIs. Arrowheads indicate the Olfm4þcells. (D) Quantification of Olfm4þcells in panel C (PN3). n ¼ 5; 2-
tailed, unpaired t test; ****P < .0001. (E) Double-immunofluorescent labeling of Sox9 (red) and claudin-7 (green). Arrow-
heads indicate the Sox9þ cells. (F) Co-immunolabeling of proliferating cell marker PCNA (green) with enterocyte marker FABP-
1 (red) (left). The quantification of PCNA-positive cells is shown (right). n ¼ 5; 2-tailed, unpaired t test; *P < .05. Each point
represents the calculation from 50 crypt–villus in each mouse. Data are represented as means ± SEM. Images are repre-
sentative of more than 3 independent experiments. (C, E, and F) Scale bars: 100 mm.
2020 Role of Claudin-7 in Intestinal Stem Cells 647To test whether Cldn7 deletion affects the epithelial dif-
ferentiation in adult SIs, enterocytes were labeled by FABP-
1, goblet cells by Alcian blue, EE cells by chromogranin A,
and tuft cells by Dcamk1, respectively. The number of
enterocytes (Figure 5A and B), goblet cells (Figure 5C and D),
EE cells (Figure 5E and F), and tuft cells (Figure 5G and H) all
were decreased significantly in cKO SIs, showing that Cldn7
deletion also impeded the epithelial cell differentiation in
mature SIs. As shown in Figure 5E and 5G, EE cells and tuft
cells were located at villi and near the crypt region.
Histologic examinations of small intestines from cKO
mice showed that the lamina propria contained an increased
number of leukocytes compared with that in control mice,
indicating an immune response after Cldn7 deletion.22 This
observation was confirmed by the significantly increasedmRNA levels of IL1, IL6, IL8, and TNF-a in cKO SI using qRT-
PCR (Figure 6A). Apoptotic marker proteins, cleaved poly
ADP-ribose polymerase and cleaved caspase-3, were used to
examine the cell apoptosis status. The result showed that
both cleaved poly ADP-ribose polymerase and cleaved
caspase-3 were reduced significantly in the cKO SIs
(Figure 6B and C), consistent with the microarray analysis
showing that most cell apoptosis-related genes were down-
regulated (Figure 2C and E). In addition, a panel of junc-
tional proteins was assayed by Western blot. The results
showed that there were no significant changes in expres-
sion levels of Cldn1, Cldn3, and E-cadherin, although
Cldn15 and occludin expression levels were increased
significantly and the expression level of Cldn4 was
decreased significantly in cKO SIs (Figure 6D and E). The
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needs to be investigated further.Deletion of Cldn7 Impairs Intestinal Organoid
Survival and Growth Owing to Disruption of the
Wnt/b-Catenin Signaling Pathway
To further examine the effect of Cldn7 deletion on IESCs,
100 crypts were isolated from WT and gKO SIs and plated
for 10 days. Organoids were counted on days 1, 3, 5, 7, and
10. From days 1 through 10, the number of gKO organoids
decreased to 50%, 30%, 15%, 10%, and 0.8%, respectively
(Figure 7A and B). On day 5, the crypts from gKO SIs formed
spheroids without any budding, while typical organoids
with finger-like buddings were observed in WT groups
(Figure 7A). On day 10, the clustered cells in gKO cultures
were identified as apoptotic cells via terminal deoxy-
nucleotidyl transferase–mediated deoxyuridine triphos-
phate nick-end labeling (TUNEL) staining, while organoids
from WT SIs were larger, had numerous buddings, and
tested negative for TUNEL staining (Figure 7C). The absence
of Cldn7 in gKO spheroids was confirmed by immunofluo-
rescence (Figure 7D). These results show that loss of Cldn7
impairs the intestinal organoid survival and growth.
Organoids and spheroids were collected from 5-day
cultures and processed for histologic evaluation. Strikingly,
the numbers of FABP-1–positive enterocytes, chromogranin
A-positive EE cells, lysozyme-positive Paneth cells, and
Dcamk1-positive tuft cells had almost diminished in gKO
spheroids, whereas these cells in WT organoids were
abundant or present after 5 days of in vitro growth, sug-
gesting that Cldn7 is required for organoid epithelial dif-
ferentiation (Figure 7E). Interestingly, the number of Alcian
blue–positive goblet cells did not change much between
organoids and spheroids, suggesting that the loss of Cldn7
did not affect goblet cell differentiation (Figure 7F).
To investigate whether the IESCs from cKO have survival
and self-renewal defects in vitro, the crypts were isolated
from 3-month-old control and cKO SIs, from which Cldn7
had been deleted by tamoxifen injections. Figure 8A shows a
striking loss of surviving cKO spheroids compared with
control organoids with buddings. On day 2 after plating,Figure 4. (See previous page). Cldn7 deletion in adult cKO
epithelial cell proliferation, and aberrant positioning of Pane
Hopx mRNA in 3-month-old control and cKO SIs. n ¼ 4–5; 2-ta
labeled using FISH (left) and quantified (right) in 3-month-old co
50 crypts in each mouse. n ¼ 5; 2-tailed, unpaired t test, ****P <
lysozyme/PCNA/Hoechst to show the positions of Paneth and
epithelial cells with positive PCNA and lysozyme signals. The st
point represents the calculation from 50 crypt–villus in each mo
cells were labeled using antilysozyme antibody by immunohistoc
control and cKO SIs (left, images in the square were enlarged a
Paneth cells is shown (right). Each point represents the calculatio
t test; ****P < .0001. Data are represented as means ± SEM.
neighboring control and cKO SI sections. Arrowheads highlight
The images in the square were enlarged as indicated by corre
lysozyme antibody by immunohistochemistry (brown). Arrowhe
lysozyme signals (n ¼ 4). Scale bars: 100 mm.only 5% of spheroids survived, although fewer than 2%
were found on day 6, suggesting a critical role of Cldn7 in
maintaining in vitro survival of adult IESCs (Figure 8B).
Because Cldn7-deficient crypts cannot form organoids,
we wondered whether this was caused by Cldn7 deletion-
induced impairment in the closure of open crypts at the
beginning of culture. To test this possibility, we established
organoid cultures from 3-month-old cCldn7fl/fl-T mice,
allowed the crypts to close and grow for 1 day, followed by
the addition of 4-hydroxytamoxifen (4OH-TAM), the active
form of tamoxifen, for 5 days to turn off the Cldn7 expres-
sion. Crypts from control mice were included to test the
toxicity of 4OH-TAM. On day 6, approximately 90 of 100
plated control crypts (cCldn7fl/fl-W) treated with dimethyl
sulfoxide (DMSO) or 4OH-TAM formed organoids with
buddings (Figure 8C and D, cCldn7fl/fl-W). The crypts iso-
lated from cCldn7fl/fl-T mice formed normal organoids when
treated with DMSO, but the number of organoids was
reduced to 40% after treatment with 4OH-TAM (Figure 8C
and D, cCldn7fl/fl-T). In addition, Cldn7-deficient crypts failed
to form budding organoids. Instead, they formed spheroids
without buds (Figures 7A, middle panel, and 8C, bottom
right). Similar to the gKO organoid culture, the clustered
cells in 4OH-TAM–treated cultures were identified as
apoptotic cells via cleaved caspase-3 and TUNEL staining,
while the control organoids (treated with DMSO) grew
normal with buddings and the apoptotic signals were in the
lumen (Figure 8E). Cldn7 signal was highly expressed in the
cCldn7fl/fl-T culture treated with DMSO and was completely
absent after treatment with 4OH-TAM, indicating the suc-
cessful induction of Cldn7 deletion by 4OH-TAM (Figure 8F).
Moreover, the Olfm4-positive cells were barely found in the
Cldn7-deficient spheroids, although they were clearly pre-
sent in the control organoids (Figure 8G, DMSO). All of the
earlier-described data strongly support our hypothesis that
Cldn7 deletion reduces the number of IESCs and impairs
intestinal epithelia self-renewal and that Cldn7 is essential
in maintaining organoid survival and growth.
The gene enrichment analysis (Figure 2D) showed that
the Wnt signaling pathway, a critical pathway for IESC
survival, is one of the most affected pathways.23 Of note,
IESC marker genes Lgr5, Olfm4, and Sox9, related to WntSIs led to the loss of active crypt stem cells, increased
th cells. (A) The qRT-PCR analysis of Cldn7, Lgr5, Olfm4, and
iled, paired t test; *P < .05, **P < .01. (B) Active IESCs were
ntrol and cKO SIs. Each point represents the calculation from
.0001. (C) The control and cKO SIs were triple-labeled with
proliferating cells (left). Arrowheads and circles highlight the
atistical analysis of PCNA-positive cells is shown (right). Each
use. n ¼ 5; 2-tailed, unpaired t test, ****P < .0001. (D) Paneth
hemistry to compare the position of the Paneth cells between
s indicated by corresponding lines). The statistical analysis of
n from 50 crypt–villus in each mouse. n¼ 5; 2-tailed, unpaired
(E) Parallel labeling of lysozyme and mucin 2 (muc2) on the
the epithelial cells with positive lysozyme and muc2 signals.
sponding lines. (F) Co-labeling of Alcian blue (blue) and anti-
ads indicate the epithelial cells with positive Alcian blue and
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Figure 6. Cldn7 deletion
increased inflammatory
cytokines and reduced
apoptotic signals in cKO
SIs. (A) The qRT-PCR
analysis of common in-
flammatory cytokine genes,
IL-1, IL-6, IL-8, and TNF-a,
in 3-month-old control and
cKO SIs. n ¼ 4–5; 2-tailed,
paired t test; *P< .05; **P <




old control and cKO SIs
were detected by immuno-
blotting. (C) The quantifica-
tion of protein expression
levels shown in panel B. n¼
4; 2-tailed, paired t test; ***P
< .001; ****P < .0001. (D)
Protein expression levels of
claudin 1, 3, 4, 7, 15, E-
cadherin, and occludin from
3-month-old control and
cKO SIs were detected
by immunoblotting. (E) The
quantification of protein
expression levels shown in
panel D. n ¼ 3–4; 2-tailed,
paired t test; **P < .01,




2020 Role of Claudin-7 in Intestinal Stem Cells 651signaling, all were down-regulated significantly in gKO SIs
(Figure 3A)24–26; therefore, we hypothesized that deletion of
Cldn7 disrupts the Wnt signaling pathway. We examined the
Wnt target genes Axin2, Ascl2, Fzd5, Lef1, and Tcf4.10,11 The
mRNA levels of these genes all were down-regulated
significantly in gKO SIs, suggesting that Wnt signaling was
suppressed (Figure 9A). Then, we tested the effect of Cldn7
deletion on different components of the Wnt signaling
pathway. Interestingly, the protein level of Wnt3a did not
change in PN3 gKO SIs, but was reduced significantly in
adult cKO SIs. In addition, phosphorylated b-catenin at
serines 33 and 34, and threonine 41, was significantlyFigure 5. (See previous page). Disruption of epithelial diff
anti–FABP-1 antibody, (C) goblet cells were stained by Alcian
antibody (Arrowheads indicate EEþ or tuftþ cells, respectively
3-month-old control and cKO SIs. Images are representative o
total number and percentage per villus (or crypt–villus) of (B)
Each point represents the calculation from 50 crypt–villus in e
.01, ***P < .001, ****P < .0001. Data are represented as meanhigher in both gKO and cKO SIs, whereas the ratio of non-
phosphorylated b-catenin/total-b-catenin was decreased,
suggesting that b-catenin was destabilized without Cldn7
(Figure 9B). Furthermore, Tcf4, a Wnt target gene and a
transcriptional factor, also was down-regulated, further
confirming the suppression of Wnt signaling in the absence
of Cldn7. Figure 9C and D show statistical data from 5 in-
dependent experiments. These results show that in Cldn7-
deficient SIs, the Wnt/b-catenin signaling pathway was
suppressed in both PN3 (gKO) and adult (cKO) mice.
Because Wnt/b-catenin signaling is essential for
maintaining IESCs,23 we investigated whether poorerentiation in cKO SIs. (A) Enterocytes were labeled by
blue staining, (E) EEs were labelled by anti–chromogranin A
), and (G) tuft cells were labelled by anti-Dcamk1 antibody in
f more than 3 independent experiments. Quantification of the
enterocytes, (D) goblet cells, (F) EE cells, and (H) tuft cells.
ach mouse. n ¼ 5; 2-tailed, unpaired t test; *P < .05, **P <
s ± SEM. Scale bars: 100 mm.
Figure 7. Cldn7 is essential for in vitro gKO organoid survival and growth. (A) Representative bright-field images of in vitro
organoid growth of PN3 WT and gKO SI crypts. Images were captured 1, 5, and 10 days after plating. (B) Comparison of
organoid numbers on different days between WT and gKO SI crypts. n ¼ 6; percentage of organoids were compared by 1-way
analysis of variance, followed by the Dunnett multiple comparison test; ****P < .0001. Data are represented as means ± SEM.
(C) Representative images of bright-field and whole-mount TUNEL staining from WT and gKO organoids after 10 days of
culture (n ¼ 3). (D) The 5-day WT and gKO organoids were double-stained with anti–claudin-7 antibody and Hoechst. (E)
Enterocytes, EE cells, Paneth cells, and tuft cells were labeled by anti–FABP-1, anti–chromogranin A, antilysozyme, and
anti–Dcamk-1 antibodies, respectively, on WT and gKO SI organoids after 5 days of culture. PCNA-positive proliferating cells
were co-labeled with FABP-1. Arrowheads point to the corresponding cells labeled by specific antibodies. Images are
representative of 3 independent experiments. (F) Goblet cells were stained by Alcian blue on WT and gKO SI organoids after a
5-day culture. Images are representative of 3 independent experiments. Scale bars: 100 mm.
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result of suppression of Wnt/b-catenin signaling. Exoge-
nous Wnt3a and GSK3b inhibitor CHIR99021 were added
into the PN3 crypt culture.11 We found that the number of
Cldn7-deficient organoids was increased 6-fold by
CHIR99021 and 4-fold by Wnt3a and was close to the
control level when combined (Figure 9E and H, left). The
organoids grew to their normal size by CHIR99021, 2-fold
by Wnt3a, and even larger than control organoids bycombining the 2 (Figure 9E and H, right). Importantly, the
organoid buddings also were stimulated synergistically,
especially when they were treated with both Wnt3a and
CHIR99021. Next, we tested whether activation of Wnt/b-
catenin signaling could rescue the control organoids with
Cldn7 deletion induced in culture. Crypts were isolated
from the cCldn7fl/fl-T mice without tamoxifen injection and
cultured for 1 day. Cldn7 was deleted in the cCldn7fl/fl-T
organoids using 4OH-TAM and then supplemented with
Figure 8. Cldn7 is essential for in vitro organoid survival and growth of adult cKO SIs. (A) Representative bright-field
images of control and cKO organoids isolated from 3-month-old control and cKO SI crypts treated with tamoxifen in vivo.
Images were captured on days 2 and 6 after plating. (B) Quantification of organoid numbers. The percentage of organoids were
compared by 1-way analysis of variance, followed by the Dunnett multiple comparison test; n ¼ 3; ****P< .0001, P > .05. Scale
bars: 100 mm. (C) Representative bright-field images of organoids isolated from 3-month-old cCldn7fl/fl-W and cCldn7fl/fl-T SI
crypts. Then these organoids were treated with either DMSO or 4OH-TAM (3 mmol/L) in vitro. All images were captured on day
6 after plating. (D) Quantification of organoid numbers. The percentage of organoids were compared by 1-way analysis of
variance, followed by the Dunnett multiple comparison test; n ¼ 3; **P < .01, P > .05. (E) Representative images of bright-field
(top), whole-mount cleaved caspase-3 and TUNEL staining of cCldn7fl/fl-T organoids treated with either DMSO or 4OH-TAM
after a 6-day culture. Images are representative of 3 independent experiments. (F) Detection of Cldn7 (green) and proliferating
cells (red) by immunofluorescent staining in DMSO- or 4OH-TAM–treated cCldn7fl/fl-T organoids after a 6-day culture (n ¼ 3).
(G) Detection of Olfm4þ stem cells by immunohistochemistry in DMSO- or 4OH-TAM–treated cCldn7fl/fl-T organoids after a 6-
day culture (n ¼ 3).
2020 Role of Claudin-7 in Intestinal Stem Cells 653CHIR99021 or Wnt3a or both on day 2 (Figure 9F). On day
6, the number of Cldn7-deficient organoids had increased
to the control level by CHIR99021, by Wnt3a, or by both
of them, while the size of organoids returned to control
level by CHIR99021 or by combined treatment (Figure 9G
and I).
Our data from both PN3 gKO mice and adult cKO mice
collectively show that Cldn7 deletion disrupts IESC
self-renewal, and that stimulating the suppressed Wnt/b-
catenin signaling in Cldn7-deficient crypts could rescue
organoid survival and growth.Discussion
In this study, we provide in vivo and in vitro evidence
that Cldn7 plays an essential role in IESC functions. By
sustaining the stable pools of IESCs for epithelial self-
renewal and by promoting differentiation into mature
epithelial cells, Cldn7 is vital in the process to replenish
daily epithelial cell loss at the villi tips.
By using global and inducible, intestinal-specific Cldn7
KO mice, our studies show a unique role of Cldn7 in theintestinal epithelial self-renewal process. Our data
show that Cldn7 deletion results in loss of IESCs and im-
pedes intestinal epithelial differentiation (Figures 1–5).
Notably, loss of IESCs is not caused by intestinal
inflammation. Instead, it is a direct consequence of Cldn7
deletion, as determined by the following evidence. First, the
loss of IESCs was found in PN0 gKO neonatal mice that
showed minimal inflammation (Figure 3C). Second, loss of
IESCs also was observed in organoid culture after Cldn7
was deleted in vitro (Figure 8). Third, and, most impor-
tantly, the ability of intestinal crypts to establish and form
budding organoids was impaired in both gKO and cKO mice
(Figures 7 and 8).
Interestingly, although Cldn7 deletion led to the loss
of IESCs, quiescent stem cell markers were increased
significantly in PN3 gKO and adult cKO mice. Studies have
reported that intestinal damage or injury can activate the
quiescent stem cells to enter the proliferative state for
repair and regeneration.6 In addition, proliferative intes-
tinal epithelial cells were seen along the villi in SIs of
both PN3 gKO and adult cKO mice. Inflammatory cyto-
kines are known to trigger intestinal repair machinery
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2020 Role of Claudin-7 in Intestinal Stem Cells 655and stimulate epithelial proliferation.27,28 The intestinal-
specific Cldn7 knockout mice reported by Tanaka et al
showed inflammation in colons.29 Although inflammatory
cytokines were up-regulated in gKO mice12 and cKO
(Figure 6A), epithelial hyperproliferation also was
observed in the in vitro organoid culture (Figures 7F and
8F), a system that lacks immune cells, suggesting that the
hyperproliferative epithelium was a direct consequence
of Cldn7 deletion. Our genome-wide microarray analysis
showed that the deletion of Cldn7 up-regulated genes
related to epithelial hyperplasia and epithelial mesen-
chymal transition. For example, signal transducer and
activator of transcription 3 and AKT signaling pathways
were up-regulated in gKO SIs, which could cause
epithelial hyperproliferation. Previously, we also reported
that knockdown of Cldn7 in human lung cancer cells
resulted in increased cell proliferation.30 Future research
is needed to unravel the underlying mechanism of how
Cldn7 can suppress epithelial overgrowth.
In this study, both gKO and cKO mice showed an
impediment to intestinal differentiation. In PN3 mice, Cldn7
deletion suppressed the differentiation of enterocytes and
EE cells (Figure 1). Although the total number of goblet cells
was decreased, the ratio of goblet cells vs the total epithelial
cells in each crypt villus was not affected after loss of Cldn7,
indicating that the decrease in total number was owing to
the sloughing of villi epithelial cells. This finding was
confirmed by the cell types of spheroids derived from
Cldn7-deficient crypts. In the adult mice, loss of Cldn7
suppressed all lineage differentiation, including that of
Paneth cells and tuft cells, which were not detected until 2
weeks after birth (Figure 5). At least 60% of enterocytes
were lost after Cldn7 deletion, which quickly deteriorated
the nutrient-absorbing ability of SIs. This is most likely the
primary cause of rapid weight loss and early death of Cldn7
KO mice. These data show that Cldn7 is essential for
epithelial cell differentiation.
The potential molecular mechanism driving the
disruption of intestinal epithelial self-renewal was
investigated in the current study. The Wnt signaling
pathway was uniquely identified by gene enrichment
analysis (Figure 2D), and its target genes all
were down-regulated significantly in Cldn7-deficient SIsFigure 9. (See previous page). Activation of Wnt/b-catenin sig
deletion. (A) The qRT-PCR analysis of Wnt/b-catenin signaling ta
test; *P < .05; **P < .01. (B–D) Protein levels of Wnt/b-catenin s
and 3-month-old control and cKO SI crypts (B, right column) w
cKO). n ¼ 4; 2-tailed, paired t test; *P < .05, **P < .01, ***P < .
were treated with DMSO, CHIR99021 (2 mmol/L), wnt3a (200 ng
(200 ng/mL). Organoids from PN3 WT SIs were treated with D
organoid treatments in in vitro Cldn7-deleted organoids by 4OH
treated with 4OH-TAM for 5 days. On the next day after addin
organoids were treated with DMSO, CHIR99021 (2 mmol/L), Wn
and wnt3a (200 ng/mL) for 4 days. Organoids from 3-month-old
and DMSO as a control. All images are representative of m
Quantification of organoid number per well and area (mm2) per or
treated with or without 4OH-TAM. n ¼ 4; 1-way analysis of vari
.05; **P < .01; ***P < .001; ****P < .0001, P > .05. Data are
phosphate dehydrogenase.(Figure 9A–D). The activity of a key molecule, b-catenin,
also was down-regulated because phospho-b-catenin was
increased significantly in both gKO SIs and cKO crypts
(Figure 9B), indicating that more b-catenin was directed
for proteasome degradation. The Wnt/b-catenin signaling
pathway is essential for IESC survival and its defect will
lead to the depletion of IESCs.23 Cldn7 has been linked to
the Wnt/b-catenin signaling pathway in the context of
colorectal tumorigenicity, in which Cldn7 is suppressed
by Tcf4 and Sox9 in aggressive colorectal cancer cells.31
It also has been reported that Cldn7 overexpression en-
hances b-catenin/Tcf activity and promotes tumor for-
mation in xenograft mice.32 These data suggest that Cldn7
interacts with the Wnt/b-catenin signaling pathway in
controlling intestinal epithelial cell differentiation and
proliferation.
The strong evidence that the Wnt/b-catenin signaling
was the major disrupted pathway came from the in vitro
organoid culture. Our data show that activation of Wnt/b-
catenin signaling by the GSK-3b inhibitor and Wnt3a effec-
tively can rescue the defect of Cldn7-deficient crypts in that
the number and morphology of organoids from Cldn7-
deficient crypts were returned to those of the control
organoids (Figure 9E and G–I). This finding is significant
because it not only confirms that Wnt/b-catenin signaling is
the key pathway disrupted in Cldn7 KO SIs, but also iden-
tified a vital molecular pathway causing the severe disrup-
tion of intestinal epithelial homeostasis in Cldn7 KO mice.
Future studies will include the nature of the interaction
between Cldn7 and the Wnt/b-catenin signaling pathway
and how Cldn7 deletion leads to the suppression of Wnt
signaling.
In summary, this study shows that Cldn7 is one of the
major factors regulating IESC functions and epithelial self-
renewal. By using organoid culture as a powerful in vitro
3-dimensional model, we have identified Wnt/b-catenin
signaling as one of the key pathways involved in Cldn7
deletion-mediated intestinal defects. These findings suggest
that deletion of a TJ protein can disrupt the function of a
biological system and induce a fatal gastrointestinal disor-
der. The current study provides a therapeutic target for
potential intervention and the treatment of intestinal dis-
orders in the future.naling rescued the organoid defects resulting from Cldn7
rget genes in PN3 WT and gKO SIs. n ¼ 4–5; 2-tailed, paired t
ignaling pathway from PN3 WT and gKO SIs (B, left column)
ere detected by immunoblotting and quantified (C, gKO; D,
001, ****P < .0001, P > .05. (E) Organoids from PN3 gKO SIs
/mL), and a combination of CHIR99021 (2 mmol/L) and wnt3a
MSO as a control. (F) The experimental time schedules of
-TAM. (G) Organoids from 3-month-old cCldn7fl/fl-T SIs were
g 4OH-TAM to induce claudin-7 deletion, claudin-7–deficient
t3a (200 ng/mL), and a combination of CHIR99021 (2 mmol/L)
control cCldn7fl/fl-W SIs were treated with 4OH-TAM (3 mmol/L)
ore than 3 independent experiments. Scale bars: 100 mm.
ganoid for (H) PN3 WT vs gKO and (I) 3-month-old cCldn7fl/fl-T
ance, followed by the Dunnett multiple comparison test; *P <
represented as means ± SEM. GAPDH, glyceraldehyde-3-
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Global and Conditional Cldn7 Knockout Mice
The generation of global and inducible intestinal-specific
Cldn7 knockout mice using a gene-targeting strategy was
described previously.12,22 PN0 and PN3 (±1 day) gKO were
used in the experiments. The inducible cCldn7fl/fl-T mice
were generated by crossing Cre mice (Villin-CreERT2) with
Cldn7-flox mice. Three-month-old cCldn7fl/fl-T mice were
obtained by injecting 2 mg tamoxifen (catalog number
T5648; Sigma-Aldrich, St. Louis, MO) dissolved in sunflower
oil (catalog number S5007; Sigma-Aldrich) (10 mg/mL)
daily for 4 days (±1 day; cKO). The intestinal tissues then
were collected and verified for the successful knockout of
Cldn7 before using for various experiments. All animal ex-
periments and procedures were approved by the East Car-
olina University Animal Care and Use Committee and
conducted in compliance with guidelines from the National
Institutes of Health and the East Carolina University on
laboratory animal care and use.
Intestinal Crypt Isolation and In Vitro Organoid
Culture
Small intestines were isolated from PN3 WT and gKO
pups, as well as 3-month-old control and cKO mice, and cut
open longitudinally. After villi were removed by physical
scratching, the intestinal tissues were chopped into 5-mm
pieces. After a 30-minute incubation at 4C in 2 mmol/L
EDTA, crypts were freed by continuous handshaking for 2
minutes. The crypt-containing solution was filtered through
a 70-mm cell strainer, pelleted at 200  g for 10 minutes,
washed in phosphate-buffered saline, and then resuspended
in culture medium. The isolated crypts were mixed with
growth factor–reduced Matrigel (catalog number 356230;
Corning, Corning, NY), seeded at 10 crypts/mL Matrigel in 48-
or 96-well plates. The organoid culture medium was overlaid
at a volume of 10:1 to Matrigel in the plates (advancedTable 2.Oligonucleotide Primers















GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Muc2, mDulbecco’s modified Eagle medium/F12 supplemented with
1 penicillin/streptomycin, 10 mmol/L HEPES, 1 Gluta-
MAX, 1 B27, and 1 N2; all from Life Technologies, Wal-
tham, MA), 50 ng/mL murine recombinant epidermal growth
factor (catalog number PMG8041; Life Technologies), 100 ng/
mL murine recombinant Noggin (catalog number 250-38;
Peprotech, Rocky Hill, NJ), and 500 ng/mL R-spondin 1 (cat-
alog number 3474-RS; R&D system, Minneapolis, MN).
To induce Cldn7 gene deletion in organoid culture, crypts
isolated from cCldn7fl/fl-T mice without tamoxifen injection
were cultured for 24 hours, followed by the addition of 3
mmol/L 4OH-TAM (catalog number 94873; Sigma), and then
cultured for 5 days. The culture medium containing fresh
4OH-TAM was changed every 2 days. For the rescue ex-
periments, the organoid culture was treated with different
reagents after the addition of 4OH-TAM for 24 hours. Im-
ages of organoids were taken using a Zeiss Axio Imager M2
microscope (Carl Zeiss, Thornwood, NY), equipped with
AxioVision imaging software.Genome-Wide Microarray Data Analysis
For genome-wide gene expression microarray experi-
ments, intestinal fragments (2 cm) from PN3 WT and gKO
pups were collected in RNAlater solution (catalog number:
AM7020; Thermo Fisher Scientific, Waltham, MA). The total
RNA was isolated using the RNeasy mini kit (catalog num-
ber: 74104; Qiagen, Valencia, CA) following the manufac-
turer’s instructions. RNA quality was assessed by
electrophoresis using Bioanalyzer, and the high-integrity
RNA samples were used for microarray hybridization.
Microarray profiling was conducted at the Genomics and
Bioinformatics Core at the University of North Carolina at
Chapel Hill using the Agilent SurePrint GE 8  60K mouse
whole genome chip (Agilent Technologies, Inc, Santa Clara,
CA). Microarray data were background-corrected and















ucin 2; TNF-a, tumor necrosis factor-a.
2020 Role of Claudin-7 in Intestinal Stem Cells 657expression was tested using an equal variance t test, and P
values were transformed to q values using Benjamini and
Hochberg’s approach.33 Genes were identified as differen-
tially expressed if the q value was less than 0.05 and ab-
solute fold-change was greater than 2. Heatmaps were
created using Treeview software.34 Two group comparisons
were performed using Gene Set Enrichment Analysis soft-
ware (version 3.0.) against the molecular signatures data-
base to identify a differentially expressed gene set (also
requiring q < 0.05).35
qRT-PCR
The total RNA was isolated from dissected intestinal tis-
sues from different samples using the RNeasy mini kit (cata-
log number: 74104; Qiagen), and the concentration was
measured using spectrophotometry. The complementary DNA
synthesis was performed using high-capacity complementary
DNA reverse-transcription kits (catalog number: 4374966;
Applied Biosystems, Foster City, CA) according to the manu-
facturer’s protocol. Real-time qRT-PCR reactions were per-
formed using the RT2 Profiler PCR Array system (catalog
number: PAMM-143Z; Qiagen). Primers used for real-time
qRT-PCR are listed in Table 2. Samples with a glyceralde-
hyde-3-phosphate dehydrogenase value less than 30 cycle
threshold (Ct) value were considered acceptable for analysis.
The relative changes in gene expression from real-time qRT-
PCR were analyzed using the 2DDCt method.12
FISH
The mRNA localization was detected by the ViewRNA
ISH tissue 1-Plex assay kit (catalog number: VB1-10818;
Affymetrix, Waltham, MA), or the RNAscope 2.5 HD detec-
tion kit (catalog number: 322300; ACD, Newark, CA) ac-
cording to the manufacturer’s instructions. Briefly, intestinal
tissue sections prepared for immunohistochemistry were
used for FISH. Sections were pretreated in a 94C water
bath for 15 minutes to allow for the unmasking of mRNA
and probe accessibility. The endogenous alkaline phospha-
tase was inactivated using 0.2 mol/L HCl/300 mmol/L NaCl
for 15 minutes, followed by its fixation in 4% para-
formaldehyde. The target mRNAs were hybridized to spe-
cific labeled probes for 3 hours. The probe (Mm-Olfm4,
catalog number: 311831; ACD) hybridization and amplifi-
cation were performed at 40C. The signal amplification was
conducted via a series of sequential hybridization steps to
achieve 3000-fold amplification per target mRNA.
TUNEL Assay
Apoptotic cells in the organoids were assessed using the
In-Situ Cell Death Detection Kit (catalog number:
12156792910; Roche, Mannheim, Germany). Briefly, orga-
noids grown in Matrigel were fixed with 4% para-
formaldehyde for 24 hours at 4C and then permeabilized
with 0.5% Triton X-100 in phosphate-buffered saline before
detection using the TUNEL reaction according to the man-
ufacturer’s protocol. DNA strand breaks were labeled by
terminal deoxynucleotidyl transferase, which catalyzed the
polymerization of labeled nucleotides to free 3’-OH DNAends in a template-independent manner. The negative con-
trol without terminal deoxynucleotidyl transferase and
positive control with DNase I recombinant (Qiagen) were
included in the experiments. Whole-mount imaging of
organoids was performed using a Zeiss Axiovert S100 mi-
croscope equipped with MetaMorph software (Molecular
Devices, San Jose, CA).Statistical Analysis
Statistical analysis was performed using either Origin8
(OriginLab, Northampton, MA) or GraphPad Prism (Graph-
Pad Software, San Diego, CA). Differences between the 2
groups were analyzed using the unpaired Student t test.
One-way analysis of variance, followed by the Dunnett
multiple comparison test, was performed when more than 2
groups were involved. A P value less than .05 was consid-
ered significant.References
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